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ABSTRACT

This work examined the mineralization of unsymmetrical dimethylhydrazine (UDMH) as
an alarming organic contaminant, via persulfate (PS) oxidation process. Nano zero-valent
iron (NZVI) particles, as a source of ferrous ions, were synthesized and used to activate PS
ions in the media. The effective operational parameters such as NZVI dosage, pH, and ini-
tial amount of PS were optimized by response surface methodology as a statistical experi-
mental design. The mineralization efficiency and the demand-operating cost (DOC) of the
process were well modeled by two second-order polynomial equations. Based on the desir-
ability, function optimization of the responses was performed. In the optimum condition of
pH 3.45, [PS]0 = 836.16 mg L−1, and [NZVI]0 = 158.45 mg L−1, the model predicted 91% of
the UDMH mineralization and 10 US$/m3 for the DOC that the electrical energy constitutes
69% of the total cost. Compared with the related literatures about treatment of the UDMH,
the applied NZVI/PS process reached a high efficiency using lower chemicals.

Keywords: Dimethyl hydrazine; Stabilized nano zero-valent iron; Persulfate oxidation;
UDMH mineralization; Cost estimation

1. Introduction

Unsymmetrical dimethylhydrazine (UDMH) is a
derivative of hydrazine and is volatile such that it is
readily absorbed by dermis [1]. The UDMH has been
classified in group B2 (human carcinogen) based on
sufficient evidence of carcinogenicity from studies in
animals [2]. UDMH is miscible in water and will
migrate into water sources and can be dangerous for
water consumers. The LD50 of the UDMH in rats is

104 mg kg−1 which suggests that UDMH has a high
toxicity [3]. UDMH is an explosive, which is mainly
used as a liquid propellant in military applications.
Because of higher stability of UDMH rather than
hydrazine, especially at elevated temperatures, it can
be used as hydrazine replacement [4]. Local pollution
with UDMH may be reached in tonnes, whereas trace
amounts of UDMH and its incomplete oxidation prod-
ucts may retain in soil even more than 10 years [5].

Advanced oxidation processes (AOP) are in situ
techniques which able to mineralize organic haz-
ardous material by highly active radicals (i.e. hydroxyl*Corresponding author.
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and sulfate radicals) [6,7]. For mineralization of
hazardous organic materials such as pesticides, azo
dyes, trinitrotoluene, and dimethylhydrazine, AOPs
are preferred rather than physical and biological
methods [8–11]. The mineralization process means
complete oxidative degradation of an organic matter
to the carbon dioxide and water. Success in the miner-
alization of a hazardous pollutant is important, since
remaining stable intermediate in the media may
possess poisonous.

Recently, application of indirect oxidation via acti-
vated persulfate (PS) ions is one of the promising
AOP methods [6,12]. PS ion with oxidation potential
of 2.01 volt can produce more oxidative sulfate radical
(oxidation potential of 2.6 volt) via thermolysis, pho-
tolysis, or chemical activation by transition metals as
shown in Eqs. (1) and (2). In the aqueous media, the
sulfate radicals can generate hydroxyl radicals (Eq.
(3)) and the radicals can initiate a series of chain
oxidation reactions which are led to the mineralization
of organic pollutants in water (Eq. (4)) [13–15].

S2O
2�
8ðaqÞ �!heat=ht

2SO��
4ðaqÞ (1)

S2O
2�
8ðaqÞ þMnþ

ðaqÞ ! SO2�
4ðaqÞ þ SO��

4ðaqÞ þM
nþ1ð Þþ
ðaqÞ (2)

SO��
4ðaqÞ þH2OðlÞ ! SO2�

4ðaqÞ þHO�
ðaqÞ þHþ

ðaqÞ (3)

SO��
4ðaqÞ þHO�

ðaqÞ þ organic pollutant ! intermediate

! CO2ðgÞ
(4)

Because of the good efficiency of the chemical
method at ambient temperature [16], and also the high
cost of heat and light providing when a high amount
of effluent is to be handled, the chemical activation
method is more attractive.

In chemical activation method, transition metal
ions such as Fe(II), Cu(I), and Ag(I) have been used
[14,17]and in that iron is more attractive due to its
non-toxicity and low cost. Eq. (5) shows that the sul-
fate radical is produced by PS and Fe2+ interaction
with rate constant of 2 × 101 (M−1s−1). On the other
hand, the ferrous ions can quench the sulfate radicals
with rate constant of 4.6 × 109 (M−1s−1) (Eq. (6)) [18].
Therefore, quenching of sulfate radical is intensively
occurred in the presence of excess ferrous iron ions.
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In order to reduce the quenching process, the
ferrous ion dosage in the reaction media should be
kept low during the chemical-activated PS process. To
this aim, application of nano zero-valent iron (NZVI)
particles as a source of Fe2+ ions has been suggested
(Eqs. (7)–(9)) [19].
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As the Eq. (5) shows to activate PS ion, Fe2+ ion is
converted to the Fe3+, that in the presence of NZVI
particles, the ferrous ion can be recycled and reused
through the following reaction [20].

2Fe3þaqð Þ þ Fe0Sð Þ ! 3Fe2þðaqÞ (10)

The NZVI particles possess higher surface area
than the microparticles, but some problems which
accompany with NZVI particles are their rapid oxida-
tion and agglomeration, which make their storage
difficult and can be an impediment to the application
of them. As a solution, the NZVI particles are often
covered with hydrophobic stabilizers such as carboxy
methyl cellulose (CMC) and chitosan [21,22].

In the present study, the chemical-activated PS as
an AOP method is studied to mineralize UDMH as a
typical hazardous matter in the aqueous media.
Activation of PS ions is performed using NZVI parti-
cles as a source of ferrous ion. The particles were pre-
pared via chemical precipitation method and were
well stabilized by encapsulation with starch molecules
as an eco-friendly stabilizer. The response surface
methodology (RSM) as a statistical experimental
design is applied to model the process based on the
operational factors such as the NZVI dosage, pH, and
initial amount of the PS. The process is optimized con-
sidering both the efficiency and the demand-operating
cost (DOC). A comparative review is done between
this research and existance literatures about oxidation
removal of UDMH.
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2. Experimental

2.1. Reagents and apparatus

All chemicals and reagents were in analytical
grade. UDMH (C2H8N2 and Mw = 60.10 g mol−1) and
sodium borohydride were purchased from Fluka.
Sulfuric acid, sodium hydroxide, potassium PS, starch,
and ferrous sulfate were Merck products. In all of the
experiments, deionized water was used to prepare the
solutions. Measurement of the pH was done by a pH
meter (PH.Z.S.PTR79) and the reaction samples were
mixed by a shaker (heidolph DSC304, 30 W). Total
organic carbon (TOC) analysis was performed using a
multi N/C 3100 (Germany) instrument. The size of
NZVI particles was evaluated by transmission electron
microscopy (TEM) (H-800, Hitachi, Japan) and
dynamic light scattering (DLS) (PSS, Malvern, CA).

2.2. Synthesis of NZVI particles and its characterization

Chemical precipitation method was applied to syn-
thesize the NZVI particles. Firstly, in order to prepare
the solutions, 500 ml of deionized water was deoxy-
genated by nitrogen gas. Then 10 ml of FeSO4 solution
(0.2 mol L−1) and 10 ml of starch solution (as a modi-
fier, 1% w/w) were poured into a 250-ml flask and
well mixed by mechanical stirrer. The mixture was
purged with nitrogen gas for half an hour to remove
remained dissolved oxygen. Then, the solution was
slowly titrated using 10 ml of NaBH4 (1.0 mol L−1) to
reduce the Fe(II) ions to NZVI (Eq. (11)). Excess
NaBH4 was added to accelerate and complete the pre-
cipitation and for the uniform growth of the iron
nanoparticles [23,24].

Fe2þðaqÞ þ 2BH�
4ðaqÞ þ 6H2OðlÞ ! Fe0ðsÞ þ 2BðOHÞ3

þ 7H2ðgÞ (11)

TEM image of synthesized NZVI particles and its
histogram are demonstrated in the Fig. 1. The figure
reveals that the size distribution of the synthesized
NZVI particles is widespread in the range of
20–60 nm (mean diameter of 40 nm). Also, size dis-
tribution of the nanoparticles is shown in Fig. 2. The
spectrum shows two peaks which the peak at 103 nm
is correlated with 67.6% of the synthesized particles,
and shows covering of the NZVI particles by the
starch molecules. The second peak at 650 nm is related
to 32.4% of the particles which are non-dissolved
starch particles. Comparison of TEM and DLS results
confirm the encapsulation of NZVI particles by the
starch molecules.

2.3. Procedure and sample analysis

In all the experiments, initial dosage of UDMH
molecules was 50 mg L−1 in the solutions. For each
test, a desired amount of NZVI particle suspension
was sonicated and poured into an Erlenmeyer flask
and then the particles were separated from the solvent
via magnetic decantation. Before each run to remove
the starch layer, the NZVI particles were rinsed using
ethanol and water. Then, 50 ml of the UDMH solution
was added to the NZVI particles in a flask and pH of
the suspension was adjusted at a desired value. Then
a certain amount of the PS was added and the shaker
was switched on for well mixing. Sampling was done
after 40 min, then the remained NZVI particles were
separated by a magnet and the sample was analyzed
using a TOC meter to assess the extent of mineraliza-
tion. It is notable that, in order to quench the oxidative
radicals after sampling, a known amount of sodium
sulfite was added into the solution. It is well known
that in the presence of ferric and ferrous ions, espe-
cially at the basic pHs, coagulation of pollutants is
occurred [25]. Therefore, to avoid any defect in the
accuracy of the TOC assessment, all samples were
acidified (pH 2) before the analysis.

2.4. The efficiency and operating cost of the process

The efficiency of the treatment process (X) was
defined based on the extent of the mineralization of
UDMH molecules under different conditions as:

X ¼ TOC0 � TOCt

TOC0
(12)

where TOC0 and TOCt are the initial and final (after
40 min of the process) TOC of the experimental sam-
ples, respectively.

The DOC of the process has a vital importance in
the economical and applied point of views. In this
work, the DOC of the NZVI/PS process was estimated
based on the total price of the used chemicals (Table 1)
and electrical energy consumed at the process under
various conditions. For each process, the electrical
energy cost (EEC) can be calculated as:

EEC ¼ P� t� S

V � X
(13)

where EEC is the electrical energy cost (in US$/m3), P
is the consumed electrical power by the applied shaker
(in kWh), t is the time of the process (in h), S is the
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industrial price of the electricity, V is the total volume
of treated solution (in m3; four solutions were placed
on the shaker at a time), and X is the mineralization
efficiency of the process.

2.5. Experimental design strategy

For the AOPs, due to the multiplicity in the effect
of operational parameters and their interactions, using
statistical experimental design methods is vital [27].

The CCD is a popular five-level factorial design able
to construct polynomial response surface models
which has been introduced by Box and Wilson in 1951
[28]. It is composed of three points of the cube (related
to the factorial design), axial, and center points.
Hence, to model each process, the total run of the
experiments (N) can be obtained by N = 2k + 2k + N0,
where k is the number of the studied factors and the
three terms are referred to the three mentioned points,
respectively. The experimental error is calculated
using the center point experiments and also the axial
points distances from the center are dependent on the
number of the studied factors [29].

In the work, the effective operating factors, includ-
ing initial pH and initial dosages of PS and NZVI
particle, were selected as the input variables. Also, the
X and related DOC were simultaneously introduced
into the experimental design matrix as the responses.
Based on the CCD methodology of Design Expert Soft-
ware, 20 tests under different operational conditions
were performed. The range of variables and the
designed tests accompany with the corresponding
responses are presented in Table 2. The applied ranges
for the variables were determined based on some pre-
liminary experiments and the relevant experiences

(A) (B)

Fig. 1. (A) TEM image of the stabilized NZVI particles and (B) distribution of the particle size.

Fig. 2. DLS graph of the stabilized NZVI particles.

Table 1
Industrial prices of the used chemicals and unit of the electricity [26]

Electricity

The chemicals

H2SO4 (98%) NaOH KPS (99%) NaBH4 (98%) FeSO4·7H2O (98%) Starch (99%)

0.0662 US$/kwh 0.4011 $/L 0.4 $/kg 1.47 $/kg 3.35 $/kg 0.11 $/kg 0.47 $/kg
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[30,31]. Also PS dosage range was selected considering
allowable dose of sulfate in environments [32].

3. Results and discussion

Based on the obtained data from the performed
experiments (Table 2), the following results are
discussed.

3.1. The models establishment

The performed regression analysis by the software
on the obtained data showed that the process
responses can be simulated by the following second-
order polynomial models as:

X ¼ 1:71� 0:41 pH þ 5:11� 10�5 KPS � 4:6

� 10�4 NZVI þ 2:5� 10�6 KPS � NZVI

þ 0:027 pH2 (14)

DOC ¼ 8:45 þ 8:56 pH � 0:014KPS � 0:196NZVI

� 8:38 � 10�3 KPS � pH þ 3:65 � 10�5 KPS2

þ 5:5 � 10�4 NZVI2

(15)

where X and DOC (US$/m3) are the mineralization
efficiency and the demand-operating cost of the
NZVI/PS process, respectively, and all of the terms
are actual factors.

Variance analysis for the models was surveyed
such that p-value less than 0.05 and greater than 0.10

Table 2
The range of variables, designed experiment matrix by the CCD methodology, and experimentally obtained responses

Variable

Range and level

−α −1 0 +1 +α

A: pH 3.30 4.5 6.25 8.00 9.19
B: ½PS�0(mg L−1) 95.46 300.00 600.00 900.00 1,104.54
C: [NZVI] (mg L−1) 12.27 60.00 130.00 200.00 247.72

Designed experiment matrix

Runs The variable factors (X) DOC (US$/m3)

pH ½PS�0 (mg L−1) [NZVI] (mg L−1) (Exp.) (Pred.) (Exp.) (Pred.)

1 6.25 600 247.73 0.53 0.51 16.60 19.96
2 6.25 600 130 0.4 0.39 19.17 18.70
3 4.5 900 60 0.51 0.59 15.22 19.67
4 6.25 600 12.27 0.19 0.27 36.59 32.68
5 4.5 300 200 0.44 0.51 18.08 17.27
6 8 300 60 0.15 0.21 46.68 45.97
7 8 900 60 0.25 0.33 29.05 23.17
8 9.19 600 130 0.42 0.41 18.31 29.04
9 6.25 1,104.54 130 0.66 0.58 13.35 16.10
10 6.25 600 130 0.38 0.39 19.98 18.70
11 4.5 300 60 0.47 0.46 15.38 24.83
12 6.25 95.46 130 0.16 0.20 43.18 39.61
13 6.25 600 130 0.36 0.39 20.84 18.70
14 8 900 200 0.49 0.58 17.30 15.61
15 4.5 900 200 0.69 0.84 13.44 12.11
16 8 300 200 0.18 0.25 39.67 38.41
17 6.25 600 130 0.37 0.39 20.66 18.70
18 6.25 600 130 0.38 0.39 20.07 18.70
19 6.25 600 130 0.37 0.39 20.49 18.70
20 3.31 600 130 0.88 0.84 10.06 8.35
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indicate that the model terms are significant or not,
respectively. The unsignificant terms in the models
were omitted and the analysis of variance was done
again for the obtained reduced quadratic models
which results are shown in Tables 3 and 4, respec-
tively. F-value and p-value of the models imply that
they are significant and can predicte the responces
satisfactorily. Linearity of the plots of actual data vs.
predicted data in Fig. 3 approves the models can
predict the efficiency of NZVI/PS process and its
operating cost well.

3.2. Influence of the operating factors on the process
responses

In order to survey the role of variables on the pro-
cess characteristics, based on the established models,
three-dimensional (3D) plots were prepared by the
software. The response surface plot provides a visual
option for prediction of the desired response at differ-
ent amounts of the variables as well as it helps in
identifying any influence of the variables interaction
on the response [33]. In each plot, two factors are
altered and another one is set at its zero level.
Fig. 4(A) and (B) shows dependency of the efficiency
and DOC vs. the initial pH and PS dosage,
respectively.

The Fig. 4(A) shows that the process efficiency is
increased at the acidic pHs and high dosages of the
PS. In the presence of the higher PS concentration,
more persulfate ions are available to produce the
active PS radicals, hence the process efficiency is
increased. At the alkaline pHs, dissolved iron ions are
in the form of hydroxid and are less free in the media
to react with PS ions. Also at this condition, the
UDMH molecules are partly coagulated and cannot be
exposed to the oxidation agent. So in alkline pH, the
mineralization efficiency is low.

The process efficiency and DOC as a function of
NZVI and PS dosage factors are shown in Fig. 5(A)
and (B), respectively. The Fig. 5(A) shows that the effi-
ciency is higher when both the factors are increased.
But, the trend of X-variation with PS dosage is differ-
ent at the low and high levels of the NZVI dosage as
well as the trend vs. the NZVI variation is different at
the low and high dosages of PS in the media. This
means, each of the factors can exhibit the highest
effect on the process only if the other is enough high.
Based on Eq. (5), the active radicals are generated via
interaction between the PS ions and ferrous ions,
which are slowly produced by NZVI particles (Eqs.
(7)–(9)) in the media. The figure shows that any
restriction in the interaction can limit the process effi-
ciency which is also confirmed by the ANOVA analy-
sis (BC term in the Table 3). Also, the Fig. 5(B)
demonstrates, as the NZVI and PS dosages are
increased in the media, the DOC is deminished, due
to the lower related EEC. It is notable that synergistic
and antagonistic effect of each parameter on the pro-
cess is in agrement with sign of the terms in Eqs. (14)
and (15) such that positive signs indicate synergistic
effect, whereas negative signs indicate antagonistic
effect.

3.3. Optimization of the operating factors

The NZVI/PS process factors were optimized
based on the two constructed models, while the main
objects were to maximize the X and minimize the
DOC by recalculating values of the factors using
the desirability functions as a numerical facility of the
software. The desirability (D) is an objective function
that its value is in the range of 0–1, that the numerical
optimization attains a maximum point of it. Also,
before optimization, according to significance of the

Table 3
Analysis of variance for the reduced quadratic model belong to the mineralization efficiency

Source Sum of squares df Mean square F-value p-value prob. > F

Model 0.607409 5 0.121482 31.4542 <0.0001
A-pH 0.240849 1 0.240849 62.36075 <0.0001
B-[PS] 0.173859 1 0.173859 45.01563 <0.0001
C-[NZVI] 0.072029 1 0.072029 18.64975 0.0007
BC 0.02205 1 0.02205 5.709206 0.0315
A2 0.098623 1 0.098623 25.53567 0.0002
Residual 0.054071 14 0.003862
Lack of fit 0.053137 9 0.005904 31.6293 0.0007
Pure error 0.000933 5 0.000187
Cor total 0.66148 19
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Table 4
Analysis of variance the reduced quadratic model belong to the process cost

Source Sum of squares df Mean square F-value p-value prob. > F

Model 1772.398 6 295.3997 11.57093 0.0001
A-pH 522.1948 1 522.1948 20.45458 0.0006
B-[PS] 660.3475 1 660.3475 25.86607 0.0002
C-[NZVI] 193.9219 1 193.9219 7.595996 0.0163
AB 154.7558 1 154.7558 6.061845 0.0286
B2 156.8947 1 156.8947 6.145628 0.0277
C2 105.5652 1 105.5652 4.13503 0.0629
Residual 331.8833 13 25.52948
Lack of fit 330.0462 8 41.25577 112.285 <0.0001
Pure error 1.8371 5 0.36742
Cor total 2104.282 19

(A) (B)

Fig. 3. Actual vs. predicted plots (A) mineralization and (B) process cost.

Fig. 4. Response surface plot of (A) the predicted X and (B) DOC vs. pH and PS dosage ([UDMH]0 = 50 mg L−1, and
T = 25˚C).
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each applied factor, the importance of factor can be
adjusted.

The following overall desirability function is used
for several responses [34,35]:

D ¼ ðdv11 � dv22 � dv33 ; . . .; dvnn Þ1n; 0� vi � 1 i ¼ 1; 2; :::; nð Þ;
Xn

i¼1

vi ¼ 1

(16)

where di indicates the response desirability
(i = 1,2,3,...,n), n is the number of responses, and vi
represents the importance of responses that changes

from 1 to 5. So, the overall desirability function D
depends on the importance value.

In this work, the goal of the all operating factors
were set “in the range” except of the pH which was
set between 3.3 and 8 to ensure inhibition of the coag-
ulation. Also, the desired goals for the X and DOC
responses were set at maximum and minimum values,
respectively, as well as their importance were adjusted
in the levels of 5 and 4.

As it is illustrated by the Fig. 6, under the men-
tioned conditions, it was estimated to achieve 91% of
the mineralization about 10 US$/m3 is needed as the
DOC under the optimum values of pH, initial dosages
of the PS, and NZVI as 3.45, 836.16 (mg L−1), and

Fig. 5. Response surface plot of (A) the predicted X and (B) DOC vs. NZVI and PS dosages ([UDMH]0 = 50 mg L−1, and
T = 25˚C).

Fig. 6 The desirability ramp for the numerical optimization of the NZVI/PS process.
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158.45 (mg L−1), respectively. It is notable that under
the optimum condition, about 69% of the cost is
related to the consumed electrical energy, hence
further studies can focus on designing a more
cost-effective process in this case.

3.4. Comparative review

Up to now, there is no considerable information
about the removal of UDMH by oxidation process in
the literatures, hence comparing the resuls of the
previous researches [11,36–38] is useful. It is reported
that generation of a potent carcinogen, i.e. N-
nitrosodimethylamine (NDMA) is probable in the
oxidation of UDMH [36]. When H2O2 is used as an
oxidant, acidic pHs are suitable bacause production of
the NDMA is more likely to be the case at basic pHs
[36]. Also, oxidation by active species such as hydro-
xyl radicals can mineralize the UDMH and does not
produce hazardous byproducts. The characteristics
and results of this study accompany with the other
literatures are presented in Table 5. The first, second,
and third works in the table only are about oxidation
of the UDMH and its mechanism, but not consider to
the mineralization. The fourth case has reproted a
good mineralization efficiency but it has used a great
amount of oxidant ([H2O2in mmol]/[UDMHin mmol]
= 100). In the present work, this ratio is about 3.72 for
91% mineralization efficiency.

4. Conclusion

In the present study, a chemical method using
NZVI particles was applied to active PS ions (named
as NZVI/PS process) to mineralize the UDMH mole-
cules as a hazardous matter in the aqueous media.
Concisely, the related obtained information of the
research can be listed as following:

(1) Based on the TEM analysis, the applied chemi-
cal precipitation method produced zero-valent

iron particles with mean diameter size of
40 nm.

(2) The NZVI particles were successfully
stabilized, before the application, using starch
molecules as an eco-friendly stabilizer
(confirmed by the DLS analysis).

(3) Two second-order polynomial equations were
constructed by the CCD RSM to model the pro-
cess efficiency and DOC as a function of
applied effective factors.

(4) In the optimum conditions of pH 3.45,
[PS]0 = 836.16 mg L−1, and [NZVI]0 = 158.45
mg L−1, the mineralization efficiency is equal to
91% with a DOC of 10 US$/m3.

(5) Under the optimum conditions, about 69% of
the operating cost is pertained to the consumed
electrical energy, which reveals necessity of
further studies to design more energy effective
reactors.
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